For many applications, a method for controlling the optical properties of a solid-state film over a broad wavelength range is highly desirable and could have significant commercial impact. One such application is smart glazing technology where it is necessary to harvest near-infrared solar radiation in the winter and reflect it in the summer-an impossibility for materials with fixed thermal and optical properties. Here, we experimentally demonstrate a smart window which uses a thin-film coating containing GeTe, a bi-stable, chalcogenidebased phase-change material which can modulate near-infrared absorption while maintaining neutral-colouration and constant transmission of light at visible wavelengths. We additionally demonstrate controlled down-conversion of absorbed near-infrared energy to far-infrared radiation which can be used to heat a building's interior and show that these thin-films also serve as low-emissivity coatings, reducing heat transfer between a building and its external environment throughout the year. Finally, we demonstrate fast, sub-millisecond switching using transparent electrical heaters integrated on glass substrates. These combined properties result in a smart window that is efficient, affordable, and aesthetically pleasing-three aspects which are crucial for successful adoption of green technology.
Introduction
Maintaining pleasant indoor temperatures of industrial and residential buildings consumes large amounts of energy, accounting for 20% to 40% of the national energy budgets in developed countries 1, 2 . Carbon emissions associated with heating, cooling, and lighting both domestic and commercial buildings are particularly high in regions of the globe that experience large swings in the environmental temperature throughout the yearcomprising over 12% of total CO2 emissions in the UK 3, 4 , 14% in the US 5 , and as much as 30% globally 6 . Windows account for a significant fraction of the external surface area of commercial buildings, and therefore energy loss; during colder months, a significant amount of heat is lost through windows in the winter season-as much as 25% in the US and UK and up to 50% in northern China 7, 8 . In warmer months, on the other hand, windows transmit unwanted near-infrared solar energy which heat a building's interior, causing an unnecessary load on the cooling system. Upcoming legislation, such as the EU 2021 "nearly zero-energy buildings" regulation 9 , will require smart solutions to this problem that provide significant energy gains without sacrificing aesthetic appeal.
Current static window solutions such as "Low-E" coatings can be used to reduce heat transfer 10 , but cannot be actively switched to make use of near-infrared solar energy in winter months. Electrochromic smart windows have very slow response times (often several minutes) 11 , require a continuous electric field in the "on" state 12 , and cause attenuation over the entire solar spectrum upon switching 13, 14 . Liquid Crystal (LCD) smart window technology switches much faster than electrochromics (several seconds), but modulates optical transmission via scattering and is therefore diffuse or tinted in the off state 15 . Photochromic and thermochromic smart windows, such as VO2-based coatings, switch in a volatile manner 16 , often have unwanted colouration 17 , and can even incur net-energy costs to buildings in temperate climates 18 . Thus, the combination of manufacturing ease, bi-stability, and minimal changes in visible colouration has been elusive. Here, we experimentally demonstrate an active thin-film smart glazing that enables control over absorption of the near-infrared solar spectrum without an undesirable variation in opacity upon transition.
Through photon-phonon energy down-conversion, we harvest near-infrared energy during the winter and re-emit it as far-infrared blackbody radiation. This down-conversion process enables additional benefits, such as anti-symmetric emission where absorbed energy is preferentially radiated into the building while preventing internal heat from escaping. Our unique design has significant implications for the future of smart windows and the design of energy efficient buildings.
Results and Discussion
The concept of our smart window design is illustrated in Fig. 1a where a smart glazing containing ZnS, Ag, and 12 nm of GeTe, a chalcogenide-based phase-change material (PCM), is applied to the outward-facing side of the internal window pane. This optical stack was optimized for maximum modulation of near-infrared solar energy while maintaining a constant transmission for visible light. The simulated optical spectrum for such a stack is shown in Fig. 1c . It is remarkable that such an active coating has a total thickness of less than 300 nm and can be optimized such that a significant fraction of the near-infrared solar energy is either reflected or absorbed depending on the state of the PCM. The external window pane in Fig. 1a is composed of uncoated glass and is added to protect the smart glazing and reduce the convective heat transfer between the outside environment and internal climate of the building. While this extra pane is recommended to improve the efficiency of the overall unit, it does not play a significant role in our window's optical response and we therefore limit our experimental efforts to the internal window containing the smart glazing. Figure 1 : Phase-change smart glazing concept. a) 3D schematic of smart window design with interior window pane containing the smart glazing layer. Solar radiation is filtered and the nearinfrared is selectively reflected or absorbed. Inset: Illustration of seven-layer smart glazing optical stack containing silver, ZnS, and a phase-change material (GeTe) layer. b) To initiate a phasetransition from crystalline to amorphous, a short thermal pulse greater than the melting temperature (Tm) is applied to the PCM layer via a resistive heater. A longer pulse between the crystallization (Tx) and melting temperature is used to return to the crystalline state. c) Simulated transmission, reflection and absorption of smart glazing. Optical spectra were optimized for minimizing change in visible spectrum while maximizing change of absorption at near-infrared wavelengths. d) Concept of thermal down-conversion used in our smart window design. In winter months, near-infrared radiation from the sun is absorbed in the smart glazing layer and converted to heat. In the summer months, the PCM is switched to the amorphous phase and reflects near-infrared photons back into the external environment.
To control the transfer of near-infrared solar energy through our smart window, we make use of the significant (and non-volatile) modulation of GeTe's complex refractive index when in the amorphous versus crystalline phase [19] [20] [21] [22] [23] . Here, both the real and imaginary components are modified upon crystallization resulting in increased absorption of the nearinfrared spectrum. Thermally annealing the GeTe layer to a temperature above 450 °C for a short period of time before rapid quenching (less than 10 µs) randomizes the atoms in the lattice and results in an amorphous material with low near-infrared absorption (see Fig. 1b ).
Annealing for a longer time (greater than 10 µs) at a temperature of 280 °C allows GeTe to recrystallize, significantly increasing the absorption of near-infrared wavelengths. This process is non-volatile and reversible, meaning that energy is only consumed during the actual switching process and no electric field is needed to maintain either the amorphous or crystalline state 23 . Combined with the optimized Ag/ZnS optical stack, energy from the nearinfrared is maximally absorbed or reflected while the transmitted visible light is minimally affected. In the crystalline state, the absorbed near-infrared energy is transferred to the SiO2 glass window via phonons and re-emitted into the building through thermal radiation as illustrated in Fig. 1d . The high emissivity of SiO2 and the relatively low emissivity of our optical stack (see Fig. 3c-d ) allows for an efficient transfer of absorbed near-infrared energy to thermal radiation via this down-conversion process. Crucially, this process also allows our smart glazing to behave as a low-emissivity coating, which prevents far-infrared thermal radiation from entering or escaping the building when the PCM is in either the amorphous or crystalline state, which could potentially allow this active glazing to replace static low-e coatings while providing additional solar control.
Optical images of our fabricated smart windows are shown in both states in Fig. 2a -c.
In Fig. 2a and 2b. As expected, the transmitted visible light changes very little upon phasetransition. This is a highly desirable property over other technologies such as electrochromic windows where the significant change in visible transmission can cause unwanted disturbance to the building's occupants during a switching cycle 14 . Additionally, as quantified in the CIE 1931 chromaticity diagram shown in Fig. 2d , the colour of the transmitted light in The optical response over the entire solar spectrum is visualized in Fig. 2e where we plot the transmission and reflection spectra of the smart glazing when the PCM is in both the amorphous and crystalline state. We observe relatively uniform transmission in the visible (approximately 50% transmission on average), while showing broadband modulation in the reflection of near-infrared wavelengths. Whilst the visible transmission of our smart glazing leaves room for improvement, we note that our values compare favourably with commercially available electrochromic smart windows in their fully transmissive state 13, 14 .
As the transmission of the near-infrared is below 5% in both states, we attribute the observed change in reflection to increased absorption when the PCM is in the crystalline state. We calculate the absorption spectra of our smart glazing in both states ( = 1 − − , where , , and are the absorption, transmission, and reflection spectra respectively) and plot them against the ASTM G173 solar irradiance standard 24 for an air mass of AM1.5g in Fig. 2f .
Here we see that while the absorption is relatively high at visible wavelengths, the majority of absorption change occurs in the near-infrared. Crucially, the absorption in the near-infrared is low when the glazing is in the amorphous state which minimizes the amount of unwanted solar energy that is transferred to the building's interior during summer months. We plot the change in absorbed solar irradiance in Fig. 2g and show that the majority of the modulated energy occurs at wavelengths greater than 700 nm which have no benefit to illuminating a building's interior. Integrating the curves shown in Fig. 2e-f and weighting by the solar irradiance we find that 82% of unwanted near-infrared energy (780 nm to 2.5 µm) is reflected in the amorphous state while 42% is absorbed or transmitted in the crystalline state. This corresponds to a 130% increase in the amount of near-infrared solar energy allowed to enter a building by merely switching a 12 nm thick active phase-change layer.
To demonstrate that the absorbed near-infrared solar energy can indeed be downconverted to far-infrared thermal radiation, we designed an experiment to image the temperature increase of our smart window when the PCM is in the amorphous and crystalline states (see Fig. 3a ). In this experiment, we used a FLIR® thermal camera to monitor the temperature of three samples: uncoated window (fused quartz), window with the smart glazing in the amorphous state, and window with the smart glazing in the crystalline state.
The uncoated sample provided a reference thermal emission by which to calibrate the thermal Figure 3 : Demonstration of down-conversion of solar energy to thermal radiation. a) Experimental setup used to measure temperature increase in smart glazing through near-infrared absorption. A thermal camera is used to simultaneously measure the temperature of three samples (uncoated window and windows with smart glazing in the amorphous and crystalline state) as a function of time. b) Measured time-dependent temperature rise in the amorphous and crystalline samples. COMSOL® thermal simulations (dashed lines) agree well with experimental results. c) Spectral absorption of our smart windows ranging from the visible to far-infrared as measured from the glazed and unglazed surfaces. Measurements in the range of 3 µm to 25 µm were performed using FTIR and show a significant difference in the smart glazing versus uncoated side. d) Illustration of asymmetric thermal emission from window with smart glazing. The low-emissivity glazing prevents harvested near-infrared energy from re-emitting back into the external environment while reducing unwanted heat transfer through the windows regardless of the PCM state. camera and was subtracted from the final results shown in Fig. 3b . To illuminate the samples, we used an LOT, class ABA, solar simulator calibrated to 1 sun (1 kW/m 2 ) and an AM1.5g spectrum. A heat shield composed of plasterboard covered with thick aluminium foil was used to prevent unwanted thermal radiation from the simulator from saturating the thermal camera. An additional 1.3 µm thick sheet of polyethylene terephthalate (PET) was placed between the samples and the simulator which prevented additional convective heating or cooling of the samples while minimally influencing the transmitted solar spectra. Fig. 3b shows the temperature increase of the three samples measured every 30 seconds using the thermal camera. Both smart windows reached steady state shortly after 2 minutes of illumination with a relative 79 ± 5% increase in the temperature of the crystalline sample compared to the amorphous one. This agrees well with the percentage change (74%) in the total amount of solar energy (both visible and near-infrared) that is absorbed by the smart glazing according to the measured absorption spectra shown in Fig. 2f . We compared our experimental results to a simple thermal model in COMSOL Multiphysics® which included a uniform heat source and radiative and convective cooling boundary conditions. Using the convective heat transfer coefficient as a fitting parameter (12 W/m 2 •K), we observe very good agreement between experiment and our simulation results (dashed lines in Fig. 3b ).
An additional benefit gained from down-converting the solar spectrum to far-infrared radiation is the asymmetric transfer of absorbed near-infrared energy through our smart window as illustrated in Fig. 3d . As our smart glazing is highly reflective to infrared radiation beyond 2.5 µm, we minimize the amount of harvested thermal energy which can be radiated back into the environment. On the other hand, SiO2 performs as a highly emissive surface at temperatures around 300 K and efficiently re-emits absorbed near-infrared radiation into the building's interior. This asymmetry can be seen from the absorption spectrum in Fig. 3c measured on both the glass and smart glazing surfaces using Fourier-transform infrared spectroscopy (FTIR) for wavelengths between 3 µm and 25 µm. We overlay the absorption spectra with the theoretical emission spectrum of a black body at 300 K and observe significant overlap with far-infrared absorption from the glass side of the window. This overlap could be even further enhanced by adding an additional highemissivity coating to the glass as demonstrated previously 25, 26 . The absorption from the smart glazing side, however, remains below 20% over the entire far-infrared region in both the crystalline and amorphous states, resulting in a low-emissivity coating. This is a distinct advantage over other absorption-based smart window technologies (e.g. thermo-and electrochromics) which require the addition of a low-emissivity coating to prevent absorbed solar energy from thermally radiating into the building). Due to the asymmetric emissivity profile of our smart window, harvested near-infrared radiation will be down-converted through absorption and preferentially re-emit into the building when the PCM is in the crystalline state (Fig. 3d) . Additionally, the low-emissivity smart glazing prevents thermal radiation from escaping or entering a building regardless of the state of the PCM, providing further energy savings throughout the year.
In a final experiment, we demonstrated electrically-controlled switching of the smart glazing by depositing our thin film stack on patterned FTO/glass substrates. For these devices, an improved PCM alloy was used which has similar optical properties to GeTe, but with a lower amorphization temperature 27 . Fig. 4a shows the experimental setup used to observe the switching behaviour of the smart glazing pixels in real time. A broadband light source (NKT WhiteLase Micro) filtered between 1.5 and 1.6 μm using dichroic and bandpass filters was used to generate optical power in the near-IR. The near-IR light was then coupled to an electro-optic probe station capable of sending electrical pulses while measuring the change in optical reflection. Fig. 4b shows optical microscope images of a typical device before and after initial electrical switching and after 100 switching cycles. Notably, the reflected visible light is consistent in colour and intensity throughout the switching events.
The switching energy was measured using an in-series 25 Ω resistor and oscilloscope. The left side of Fig. 4c plots the extracted pulse waveforms and switching energy for the device shown in Fig. 4b . The right-hand plot in Fig. 4c shows the switching energy as a function of device area for multiple devices and pixel sizes. We see that while a lower peak power is required for crystallization, the total energy consumption is higher for crystallization rather than amorphization due to the longer pulse duration. We also investigated the cyclability of our smart glazing by switching between the two states while monitoring the IR reflection. Fig. 4d shows a time trace for multiple switching cycles of the device from Fig. 4b (time trace taken starting at 500 cycles), while Fig. 4e-f plot the device's cyclability and contrast for 1000 continuous cycles. Notably, we see both a reduction in the amorphous state reflection and an increase in contrast between the two bi-stable states. The first we attribute to silver migration in the optical stack during thermal cycling resulting in a reduction in IR reflectivity 28 . The increased switching contrast, on the other hand, is likely due to a greater fraction of crystalline domains forming due to the creation of nucleation sites. Indeed, for PCM memory, a "conditioning" treatment is often employed to stabilize the crystalline domain formation and improve the switching efficiency and cyclability of the memory cell 29 .
In conclusion, we have demonstrated a thin-film smart glazing capable of controlling the transfer of near-infrared energy through a window using an ultra-thin phase-change active layer. This glazing provided a 130% modulation of near-infrared solar energy while maintaining a uniform transmission and colour at visible wavelengths. By down-converting near-infrared to thermal radiation, we were able to demonstrate efficient harvesting of solar energy during winter months while retaining a glazing with desirable low-emissivity properties regardless of the PCM state. We then demonstrate a possible route toward integration onto glass windows using transparent electrical heaters with an initial cyclability count of 1000 cycles. Our results provide a novel and aesthetically appealing alternative to current smart window technologies and could play a major role in reducing the carbon footprint of residential and commercial buildings in the future.
Sample Fabrication:
Smart glazing films were deposited via RF/DC sputtering on double-side polished quartz wafers using a Kurt J. Lesker PVD 75 system. The base pressure was 5×10 -7 Torr while the working pressure was 3 mTorr during deposition. RF power was 100 W and 50 W for ZnS and GeTe respectively, while the DC power was 50 W for Ag. All targets were 2 inches in diameter. To ensure accurate deposition thicknesses, the film thickness was monitored in-situ using an optical monitor which was compared with a model of the optical stack, providing precise thickness control and repeatability.
Measurement Setup:
Transmission and reflection measurements from 400 nm to 2.5 µm were performed using a PerkinElmer Lambda 1050 UV/VIS spectrophotometer under ambient conditions. Amorphous spectra were taken of the smart glazing as deposited, while crystalline spectra were measured after a 270° C anneal on a hot plate for 15 seconds. Mid-to far-infrared absorption was measured using a Varian Excalibur FTS 3500 FTIR spectrometer operating from 3 to 25 µm. For thermal down-conversion characterization, a FLIR© ONE Pro camera was used to measure the temperature rise in the uncoated quartz versus the quartz with smart glazing in the amorphous and crystalline states. The samples were illuminated with an LOT, class ABA, solar simulator calibrated to 1 sun (1 kW/m 2 ) and an AM1.5g spectrum. A heat shield composed of plasterboard covered with thick aluminum foil was used to prevent unwanted thermal radiation from the simulator from saturating the FLIR© thermal camera.
The transmission of the 1.3 µm thick sheet of PET was also calibrated using the PerkinElmer Lambda spectrometer and factored into the calculated total solar absorption.
